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CuFeO2 is recognized as a potential photocathode for photo(electro)­
chemical water splitting. However, photocurrents with CuFeO2­based 
systems are rather low so far. In order to optimize charge carrier separation 
and water reduction kinetics, defined CuFeO2/Pt, CuFeO2/Ag, and 
CuFeO2/NiOx(OH)y heterostructures are made in this work through a 
photodeposition procedure based on a 2H CuFeO2 hexagonal nanoplatelet 
shaped powder. However, water splitting performance tests in a closed 
batch photoreactor show that these heterostructured powders exhibit 
limited water reduction efficiencies. To test whether Fermi level pinning 
intrinsically limits the water reduction capacity of CuFeO2, the Fermi level 
tunability in CuFeO2 is evaluated by creating CuFeO2/ITO and CuFeO2/H2O 
interfaces and analyzing the electronic and chemical properties of the 
interfaces through photoelectron spectroscopy. The results indicate that 
Fermi level pinning at the Fe3+/Fe2+ electron polaron formation level may 
intrinsically prohibit CuFeO2 from acquiring enough photovoltage to reach 
the water reduction potential. This result is complemented with density 
functional theory calculations as well.
one or more photoabsorbers immersed in 
an aqueous electrolyte. With regards to 
cost and practical feasibility a dual bed par-
ticle suspension PEC reactor, wherein one 
type of photoabsorber particle should ini-
tiate the water oxidation reaction H2O/O2  
and another should perform the water 
reduction reaction H+/H2, was regarded as 
the PEC reactor with the highest potential 
to be economically competitive to conven-
tional fossil fuel-based hydrogen produc-
tion methods.[1] However, for such type of 
photochemical water splitting reactors, lab 
scale solar-to-hydrogen (STH) conversion 
efficiencies of only 1% have been meas-
ured so far.[2,3]
One way to increase the STH conver-
sion efficiency is to improve the efficiency 
of the water reduction reaction, in which 
CuFeO2 could play a promising role. 
CuFeO2 is an intrinsic p-type semicon-
ductor with a delafossite crystal structure, 
made up by a stacking of alternating [Cu+] and [FeO2−] layers 
perpendicular to the c-axis. Two polytypes, 3R with rhom-
bohedral symmetry and 2H with hexagonal symmetry, have 
been associated with the CuFeO2 delafossite crystal structure. 
Because 2H CuFeO2 cannot be easily synthesized, only 3R 
CuFeO2 has been studied extensively so far. The suitability 
of 3R CuFeO2 for water reduction stems from its appropriate 
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1. Introduction
Photo(electro)chemical (PEC) water splitting is a promising 
method to produce hydrogen in a sustainable, cost-effective, and 
environmentally friendly way. To perform water splitting with a 
PEC device, a photovoltage of at least 1.7 V (1.23 V standard 
water splitting potential + overvoltages) has to be generated by 
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properties such as its reduced bandgap of 1.5 eV,[4,5] its suit-
able conduction band minimum, which allows for water reduc-
tion,[4–7] its good carrier mobility of about 0.2 cm2 V−1 s−1,[5] and 
because it is composed of earth-abundant elements.
Despite these good properties which should allow theoreti-
cally for photocurrents up to 15 mA cm−2,[5] poor to mediocre 
hydrogen evolution efficiencies have been measured so far 
for 3R CuFeO2. The only fairly reasonable photocurrent was 
found by Jang et al. at 2.4 mA cm−2 at 0.4 V versus RHE for a 
3R CuFeO2 photocathode, which was modified through hybrid 
microwave annealing and contained a NiFe-layered double 
hydroxide/reduced graphene oxide electrocatalyst.[8] Also Prévot 
et al. demonstrated photocurrents of up to 2.4 mA cm−2 for a 
host–guest CuAlO2/CuFeO2 system, however using oxygen as an 
electron scavenger, so that water splitting could not be assumed 
any more.[9] To the best of our knowledge, no higher photocur-
rents or hydrogen evolution efficiencies have been reported up 
to now. It is also worth underlying that the efficiencies men-
tioned above have all been determined under an applied bias, 
meaning that unbiased hydrogen evolution with 3R CuFeO2 has 
seemingly not been achieved yet. Several reasons have been sug-
gested to explain why CuFeO2 has only shown low hydrogen evo-
lution efficiencies so far, which include photocorrosion,[4] poor 
catalytic activity,[8] Fermi level (EF) pinning at bandgap states in 
the bulk,[10] and Fermi level pinning at surface states.[5] Upward 
Fermi level pinning has also recently been found for other iron 
containing oxides such as hematite (α-Fe2O3) and BiFeO3, and 
has been linked to the transition of Fe3+ to Fe2+.[11,12]
If poor catalytic activity would be limiting the PEC water 
splitting efficiency of CuFeO2, an appropriate solution would be 
the creation of a heterostructure, by attaching a water reduction 
cocatalyst onto CuFeO2.[13] Besides enhanced kinetics,[14] a heter-
ostructure may also improve charge carrier separation[15,16] and 
surface passivation.[17] For water reduction, platinum has been 
recognized as an efficient cocatalyst.[14,18,19] To further enhance 
the advantages of heterostructures a facet-selective photodeposi-
tion process may be used to create an anisotropic heterostruc-
tured powder. Li et al. have shown that anisotropic SrTiO3 and 
BiVO4 heterostructured powders could be synthesized through 
a photodeposition process using anisotropic SrTiO3 and BiVO4 
powders with two different kinds of exposed facets.[20–22] More-
over, these anisotropic heterostructures exhibited improved 
water splitting efficiencies with respect to heterostructures with 
randomly deposited cocatalysts, because of a suggested syner-
gistic charge carrier separation–cocatalyst effect.
In this work we tested whether the creation of anisotropic 
heterostructures could boost the water reduction properties of 
CuFeO2. Since, the rhombohedral 3R polytype does not allow for 
the creation of anisotropic particles we opted to synthesize aniso-
tropic hexagonal 2H CuFeO2 nanoplatelets according to a recently 
published procedure.[23] Next, we tested whether Pt, Ag, and 
NiOx(OH)y could be selectively deposited onto specific facets of 
the 2H CuFeO2 nanoplatelets and analyzed whether the resulting 
heterostructures improve the CuFeO2 water reduction efficiency. 
However, no substantial improvements in water reduction could 
be achieved. Therefore, we additionally tested whether Fermi level 
pinning could be the reason for the weak photocatalytic proper-
ties of CuFeO2 by performing so-called interface experiments, 
in which the electronic and chemical properties of a developing 
interface are studied using photoelectron spectroscopy.[24] In par-
ticular, we studied by how much we could increase the Fermi 
level by contacting 2H CuFeO2 pellets with a low work function 
material, Sn:In2O3 (ITO), as this should lead to downward band 
bending. Additionally, the influence of water on the surface elec-
tronic properties of 2H CuFeO2 was investigated. Only limited 
downward band bendings for both CuFeO2/ITO and CuFeO2/
H2O interfaces, as well as the reduction of Fe3+ to Fe2+ were 
observed. These results potentially indicate a bulk Fermi level 
pinning phenomenon at the Fe3+/Fe2+ charge transition level.
2. Results and Discussion
2.1. Synthesis and Characterization of Anisotropic  
Heterostructured 2H CuFeO2 Nanoplatelets
2H CuFeO2 hexagonal nanoplatelets were prepared by scaling-
up and optimizing a recently published synthetic procedure.[23] 
Secondary electron microscopy (SEM) images depicted in 
Figure 1a,b show that the synthesized CuFeO2 powders exhibit 
the hexagonal nanoplatelet morphology. The large hexagonal 
top faces of the particles correspond to the {0001} crystalline 
facets, while the exact facets corresponding to the side faces of 
the nanoplatelets are less clear due to the sides being seemingly 
rounded. Most likely, the sides of the particles consist of the 
prismatic {1-101} facets, while {01-10} facets might be present 
as well. The X-ray powder diffractograms show that the CuFeO2 
powder mainly consists of 2H CuFeO2 as well as a small 
amount of rhombohedral 3R CuFeO2 (Figure S1, Supporting 
Information). In the remainder of the paper the synthesized 
CuFeO2 powder is referred to as 2H CuFeO2.
Ag, Pt, and NiOx(OH)y were deposited onto the 2H CuFeO2 
nanoplatelets through a photodeposition process and character-
ized by field emission secondary electron microscopy (FESEM) 
(Figure 1c–f). The secondary electron image and back scatter elec-
tron image displayed in Figure 1c,d, respectively, demonstrate that 
the photodeposition of Pt led to a selective deposition of Pt on the 
{0001} facets, creating an anisotropic heterostructured CuFeO2/
Pt powder. The photodeposition of Ag on 2H CuFeO2 also seems 
to have led to the selective deposition of Ag on the {0001} 2H 
CuFeO2 facets (Figure 1e). The size of the silver deposit is rather 
large, which indicates that growth dominates over nucleation. As 
a result, the 2H CuFeO2 particles only contain up to a few silver 
particles per facet. By contrast, the NiOx(OH)y photodeposition 
does not seem to exhibit any particular regioselectivity, because a 
deposit can be observed over the entirety of the 2H CuFeO2 par-
ticles as indicated by FESEM images (Figure 1f). The anisotropic 
photo deposition of Pt and Ag onto anisotropic particles has been 
observed before for SrTiO3 and BiVO4.[20,21] The anisotropic pho-
todeposition might be caused by dissimilar band bending across 
the different exposed facets, as measurements on single crys-
tals suggest.[25,26] However, highly anisotropic electrical conduc-
tivities perpendicular and parallel to the c-axis, as observed for 
3R CuFeO2 single crystals,[27] might also be the reason for the 
observed anisotropic photodeposition.
Auger electron spectroscopy (AES) was then performed 
to determine the chemical nature of the deposits seen in the 
FESEM images. The AES measurements were performed on 
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specific points on the heterostructured particles which were 
selected according to newly recorded secondary electron images 
with the AES setup. The Pt M5VV Auger electron spectra in 
Figure 1g confirm that the deposit seen in the FESEM images 
of the CuFeO2/Pt sample corresponds to platinum, because a 
clear Pt M5VV Auger signal can be seen for measurements on 
points with a visible deposit. Similarly, Auger electron spectra 
for the CuFeO2/Ag sample recorded on deposits visible in the 
secondary electron images resulted in clear Ag M4VV emis-
sions (Figure 1h). AES could not be used to identify Ni in the 
CuFeO2/NiOx(OH)y powders, because of the low loading of 
nickel and the overlap of the Ni Auger emission lines with the 
Auger emission lines of iron and copper.
The chemical state of the deposits was further investigated 
by X-ray photoelectron spectroscopy (XPS) (Figure 2). In the 
Pt 4f spectrum of the CuFeO2/Pt sample two intense signals 
at 71.0 and 74.4 eV can be seen which are characteristic for the 
binding energies of Pt 4f7/2 and Pt 4f5/2, respectively, of metallic 
platinum.[28] Additionally, a shoulder can be seen at a binding 
energy of 77.4 eV, which is indicative of Pt 4f5/2 of platinum 
oxide.[28] Platinum oxide can be formed when the [PtCl6]2− plat-
inum precursor hydrolyses or only partially reduces during the 
photodeposition process.[29–31] The Ag 3d of CuFeO2/Ag consists 
of two signals at 368.2 and 374.3 eV, which belong to the char-
acteristic binding energies of Ag 3d5/2 and Ag 3d3/2, respectively, 
of metallic silver,[28] thus proving that the silver photodeposition 
involves the reduction of Ag+ to Ag(0). Based on the Ni 2p line 
shape of CuFeO2/NiOx(OH)y, a pure NiO species can be excluded 
as nickel deposit, since that would have given rise to a notice-
able peak splitting of the main Ni 2p3/2 line at a binding energy 
around 856.5 eV,[32] which is not seen in our Ni 2p spectra. 
Instead, the Ni 2p line shape resembles more that of a mixed 
nickel oxyhydroxide.[32,33] Furthermore, in the O 1s core level 
X-ray photoelectron (XP) spectrum of the CuFeO2/NiOx(OH)y 
sample (Figure S2, Supporting Information), a strong signal 
at a binding energy of 532.1 eV can be seen. This signal corre-
sponds to hydroxides and is typical for samples prepared under 
ambient conditions, as these conditions promote the adsorption 
of carbohydrates and water onto the exposed samples. How-
ever, the signal here is considerably stronger than usual and 
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Figure 1. a,b) Secondary electron microscopy (SEM) images of 2H CuFeO2, c) CuFeO2/Pt, e) CuFeO2/Ag, f) CuFeO2/NiOx(OH)y. d) Back-scattered 
electron (BSE) image of CuFeO2/Pt. g) Pt N7VV Auger electron spectroscopy (AES) point measurements on CuFeO2/Pt. h) Ag M4VV AES point meas-
urements on CuFeO2/Pt. The crosses in the SEM images taken with the AES setup indicate the AES measurement points. The Pt and Ag content is 
10 wt% and the Ni content is 1 wt%.
Figure 2. Pt 4f, Ag 3d, and Ni 2p core level XP spectra of CuFeO2/Pt (10 wt%), CuFeO2/Ag (10 wt%), and CuFeO2/NiOx(OH)y (±10 wt%), respectively.
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approximately as strong as the O2– signal at a binding energy 
of 530.3 eV, thus indicating the presence of another hydroxide 
species such as nickel hydroxides.[28,33] Therefore, the deposited 
nickel species is denoted as NiOx(OH)y in the following.
Next, the sacrificial water splitting efficiency of the 2H CuFeO2 
heterostructured powders was tested. However, none of the 
heterostructured 2H CuFeO2 powders demonstrated any signifi-
cant gas evolution, despite the presence of suitable contact mate-
rials. Even platinum, which is considered to be the state of the 
art hydrogen evolution catalyst,[14] did not allow for any measure-
able gas evolution. Anyhow, the gas composition in the reactor 
after the sacrificial water splitting experiments was probed 
by gas chromatography. Here, hydrogen was detected for the 
CuFeO2/Pt heterostructured powders, but the signal corresponded 
to a hydrogen evolution rate of <500 nmol h−1 (Figure S3, Sup-
porting Information). For CuFeO2/Ag and CuFeO2/NiOx(OH)y 
no hydrogen could be detected.
2.2. Interface Experiments to Determine Fermi Level Pinning  
in 2H CuFeO2
The inability of any of the heterostructured 2H CuFeO2 powders to 
produce high amounts of hydrogen through sacrificial water split-
ting is a remarkable phenomenon. Recently, Prévot et al. showed 
through a set of photoelectrochemical measurements with varied 
redox systems that 3R CuFeO2 thin films suffer from Fermi 
level pinning at a defect level positioned at about 0.7 eV versus 
normal hydrogen electrode (NHE).[5] According to the authors the 
Fermi level pinning was due to surface states caused by a metal 
hydroxide surface layer. To test whether Fermi level pinning was 
the main cause of the limited sacrificial water reduction efficien-
cies of our 2H CuFeO2 nanoplatelet powders, we performed so-
called interface experiments following the Kraut method.[24] In 
such an interface experiment a thin film is sputtered in a step-
wise fashion onto a substrate, performing photoelectron spectros-
copy measurements in between each deposition step. By making 
the interface with a low work function material, Sn:In2O3 (ITO), 
upward band bending should be obtained, which can be derived 
from the binding energy shifts of core and valence band spectra.
Interface experiments are mostly performed with thin film 
substrates to avoid sample charging during XPS measure-
ments, which may happen for weakly conductive semiconduc-
tors. However, since 3R CuFeO2 reportedly has a relatively good 
conductivity,[5] we assumed that pellets made from our bare 
2H CuFeO2 powders, could be used as substrates. In Figure S4 
of the Supporting Information the X-ray diffractogram of 2H 
CuFeO2 powder and pellet are compared. It does not seem that 
new phases have been formed. However the {0001} orienta-
tion increased, most likely because uniaxial pressing aligned 
the nanoplatelets along the exposed {0001} facets. To prepare 
the CuFeO2 pellets for the interface experiments the surface 
was cleaned with distilled water, followed by a heating step 
in O2 to remove the extrinsic contamination layer. Indeed, in 
Figure S5 of the Supporting Information the survey XP spec-
trum of the 2H CuFeO2 pellet before and after heating in 
O2 atmosphere shows that carbon is effectively removed. After 
the heating step a sodium signal appears, which we attrib-
uted to the surface accumulation of sodium present in the 
pellets due to the powder being synthesized in 40 equivalents 
of NaOH. However, the small amount of residual sodium is 
unlikely to influence the interface experiment.
This surface cleaned 2H CuFeO2 substrate was then used 
in an interface experiment with ITO (Figure 3). During the 
interface experiment, the developing CuFeO2/ITO interface 
can be clearly followed through the photoelectron spectroscopy 
measurements, as the intensity of the Cu 2p, Fe 2p, and Cu 
LMM spectra (Figure 3a) decrease and the In 3d5/2 intensity 
increases with increasing ITO sputtering time. Meanwhile, the 
O 1s intensity remains constant. Since the Cu 2p, Cu LMM, 
Fe 2p, and valence band spectra shift simultaneously toward 
higher binding energies with increasing ITO coverage, the shift 
is rather due to a change in electronic properties and not due to 
a change in the chemical structure. As the Fermi level to valence 
band maximum distance (EF–EVBM) of bare 2H CuFeO2 is quite 
low, the ITO valence band spectrum does not overlap with that 
of 2H CuFeO2, so that the shift in the 2H CuFeO2 valence band 
maximum (VBM) can be used to quantify the electronic shift. 
Quantifying the shift by following the shift in the Cu LMM and 
Fe 2p3/2 is more complicated, because of the asymmetric line 
shape in both spectra and, additionally, the large number of sat-
ellites and overlap of In 3p1/2 and Sn 3p3/2 lines in the Fe 2p3/2 
spectra. The Cu 2p3/2 binding energy shift can be followed with 
ease due to its relatively strong intensity and well-defined line 
shape. The Cu 2p3/2 and EF–EVBM binding energy shifts with 
respect to ITO deposition time are shown in Figure S6 of the 
Supporting Information. For the VBM and Cu 2p3/2 spectra an 
upward binding energy shift of 0.32 and 0.37 eV, respectively, 
is obtained. A second interface experiment showed very similar 
shifts of 0.37 and 0.44 eV for VBM and Cu 2p3/2, respectively.
Difference spectra of Cu 2p3/2, Cu LMM, and Fe 2p3/2 were 
made (Figure 3b) to verify whether the ITO interface experiment 
led to any chemical changes in CuFeO2. In the Cu 2p3/2 core 
level spectrum a broadening of the main Cu 2p3/2 line can be 
seen. The broadening of the principal Cu 2p3/2 line, seen here, 
most likely does not correspond to an oxidation of Cu+ to Cu2+, 
because then an increase in intensity in the satellite region 
between 940 and 945 eV, characteristic for Cu2+, should be seen 
as well.[34] Furthermore, the Cu LMM Auger spectrum after 4 s 
of ITO deposition does not show any sign of Cu2+ either, as 
then a signal should appear at a 0.9 eV lower binding energy 
with respect to the main Cu+ Cu LMM line.[35] In addition, a 
change from Cu+ to Cu2+ is not consistent with the observed 
increase in Cu LMM binding energy. The increase in binding 
energies could lead to the reduction of Cu+ to Cu(0), which 
would, however, lead to reduction of the Cu 2p3/2 line width as 
well as the appearance of a signal in the Cu LMM spectrum.[36] 
Hence, the broadening of the main Cu 2p3/2 line is not likely 
due to a change in the copper oxidation state. Another possible 
reason for the increased broadening of the main Cu 2p3/2 line 
is inhomogeneous ITO coverage due to the large substrate sur-
face roughness, which is plausible for a powder pressed pellet. 
In this case, the Cu 2p3/2 line at 4 s ITO coverage would then 
be a composite signal consisting of Cu 2p3/2 signals with dif-
ferent binding energy shifts, originating from positions with 
differing ITO thickness. However, the Cu LMM and Fe 2p3/2 
spectrum apparently do not suffer from line broadening, which 
would be expected if surface roughness was the cause of Cu 
Adv. Funct. Mater. 2020, 30, 1910432
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2p3/2 line broadening. Therefore, the exact cause of the Cu 2p3/2 
line broadening could not be unambiguously determined.
More importantly, an extra signal at lower binding energy, 
around 709 eV, appears in the Fe 2p3/2 difference spectra after 
4 s of ITO deposition (Figure 3b). Since this binding energy 
position is characteristic for Fe2+,[37] Fe3+ is likely partly reduced 
to Fe2+, in response to the ITO coverage. Moreover, in our 
group the appearance of Fe2+ in the Fe 2p3/2 spectrum has been 
observed before for hematite,[11] while increasing the Fermi 
level position through ITO deposition.
From the secondary electron cut-offs of the measured ultra-
violet photoelectron (UP) spectra (Figure 3c), work functions of 
5.2 and 4.3 eV were determined for the 2H CuFeO2 pellet and 
the ITO film, respectively. The ITO work function, here, cor-
responds to earlier published ITO work functions.[38,39] When 
combining the 5.2 eV CuFeO2 work function with the value of 
0.2 eV for EF–EVBM, an ionization potential of 5.4 eV is retrieved 
for the 2H CuFeO2 pellet. Indeed, Omeiri et al. determined 
through Mott–Schottky flat band measurements that the ioniza-
tion potential of the (001) surface of a 3R CuFeO2 single crystal 
amounts to 5.4 eV.[6] Due to the Mott–Schottky measurements 
being performed at the point of zero charge, the similarity of 
the CuFeO2 surfaces and the similarity of the ionization poten-
tials, the presence of a strong surface dipole at the 2H CuFeO2 
pellet surface is regarded as being unlikely.
The results of the CuFeO2/ITO interface experiment are sum-
marized in a band diagram in Figure 3d, with the band gap of 
ITO taken from literature.[40] The band diagram shows that there 
is a staggered type II band alignment between ITO and CuFeO2, 
where, upon light absorption, electrons would flow toward ITO 
due to the downward band bending. A vacuum level offset of 
0.58 eV can be seen, which can be caused by a surface dipole 
Adv. Funct. Mater. 2020, 30, 1910432
Figure 3. a) Cu 2p, Fe 2p, Cu LMM, O 1s, In 3d5/2 core level, and valence band (VB) XP spectra, and Cu LMM Auger spectra for the CuFeO2/ITO inter-
face experiment. The ITO deposition times are denoted in the graph. b) Difference spectra of Cu 2p3/2, Cu LMM, and Fe 2p3/2 between bare CuFeO2 and 
CuFeO2/ITO (4 s). Shirley background subtraction was done for Cu 2p and Tougaard background subtraction for Fe 2p. The spectra were normalized 
and the spectra measured after 4 s of ITO deposition are shifted in binding energy so that they match the binding energy of the spectra of bare CuFeO2. 
c) UP spectra of the CuFeO2 substrate (blue) and the ITO film (yellow) after a deposition time of 240 s, including the secondary electron cut-offs (SEC). 
d) Energy band diagram of CuFeO2/ITO with all energy values denoted in eV and the bandgap of ITO taken from literature.[40]
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or by Fermi level pinning. The possibility of a surface dipole at 
the 2H CuFeO2 surface can be cautiously neglected, because 
(as discussed above) the 2H CuFeO2 pellet ionization potential 
corresponds well to that of a (001) exposed 3R CuFeO2 single 
crystal determined at the point of zero charge under flat band 
conditions.[6] Contrarily, the 4.3 eV ITO work function is quite 
low, considering the value of 2.6 eV for EF–EVBM (Figure 3a). How-
ever, this work function agrees well with other values of ITO films 
deposited at room temperature.[38,41] Another possible reason for 
the observed vacuum level offset could be Fermi level pinning.
To validate the potential Fermi level pinning effect observed 
in the CuFeO2/ITO interface experiment, another kind of 
interface experiment was performed by exposing a cleaned 
2H CuFeO2 substrate surface (Figure S7, Supporting Informa-
tion) to water, also denoted as water exposure experiment. The 
interface with water was expected to increase the EF–EVBM of 
CuFeO2 further, because of the low work functions that can be 
obtained after water exposure.[26,42] The effect of water expo-
sure on the Cu 2p3/2, Fe 2p, O 1s, and valence band XP and 
Cu LMM Auger spectra of CuFeO2 is shown in Figure 4a. All 
spectra shift toward higher binding energies upon water expo-
sure, as would be expected from an interface experiment with 
a low work function material. Moreover, water exposure led to 
a higher binding energy shift compared to ITO, as the EF–EVBM 
shifted toward 0.7–0.8 eV. Admittedly, the Fermi level of pellet 
1 before water exposure was already positioned at a quite high 
position, likely caused by a different amount of doping or inho-
mogeneous surface charging. In the O 1s spectra an additional 
feature at a binding energy of 532 eV can be seen, which is 
characteristic for carbonyl bonds and hydroxides.[28] After water 
exposure this signal at 532 eV increases, indicating that addi-
tional hydroxides were formed during water exposure.[43] The 
Adv. Funct. Mater. 2020, 30, 1910432
Figure 4. a) Cu 2p3/2, Fe 2p, O 1s core level, and valence band XP spectra and Cu LMM Auger spectrum of two thermally cleaned (200 °C, O2, 
5 h) 2H CuFeO2 pellets before (blue) and after (yellow) water exposure. b) Difference spectra (green) of Cu 2p3/2, Fe 2p3/2, Cu LMM, and Fe 3p between 
2H CuFeO2 pellet 1 before (blue) and after (yellow) water exposure. Shirley background subtraction was performed for Cu 2p and Fe 3p, and Tougaard 
background subtraction for Fe 2p. The spectra were normalized and the spectra measured after water exposure are shifted in binding energy so that 
they match the binding energy of the spectra of bare CuFeO2. c) UP spectra of 2H CuFeO2 pellet 1 before (blue) and after (yellow) water exposure, 
including the secondary electron cut-offs (SEC). d) Energy band diagram of CuFeO2/H2O with all energy values denoted in eV. * work function of 
CuFeO2 after water adsorption, not of water itself.
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appearance of an hydroxylated surface upon water exposure 
has been observed before for other Fe oxide surfaces, such as 
Fe3O4(001),[44] α-Fe2O3(0001),[45–47] and α-Fe2O3(1-102).[48] The 
relative intensity ratios of the core level spectra depicted in 
Table S1 of the Supporting Information show that changes in 
the oxygen, iron, and copper content are negligible.
Difference spectra of Cu 2p3/2, Fe 2p3/2, Cu LMM, and Fe 3p 
(Figure 4b) were generated to verify whether the exposure of 2H 
CuFeO2 to water led to any chemical changes. In the difference 
trace of the main Cu 2p3/2 signal an apparent line narrowing 
can be seen. As a possible effect, Cu2+, which may be present 
in small amounts, reduces to Cu+, which is, however, unlikely 
as no changes are noticed in the Cu 2p3/2 satellite region.[34] 
Another possibility is the reduction of Cu+ to Cu(0), which is 
also unlikely since then an extra signal at lower binding energy 
in the Cu LMM spectra should appear.[34] Hence, just as for the 
line broadening observed after ITO deposition no clear explana-
tion can be deduced for the main Cu 2p3/2 line width change. 
Both Fe 2p3/2 and Fe 3p core level spectra exhibit an extra signal 
at lower binding energy after water exposure, which indicates 
the presence of Fe2+.[37,49] The Fe2+ signal is also somewhat 
more intense than what was seen for the CuFeO2/ITO interface.
Figure 4c displays the UP spectra of 2H CuFeO2 pellet 1 
before and after water exposure. First of all, the upward binding 
energy shift induced by the water exposure can also be noticed 
in the VB region of the UP spectra. Second, the work func-
tion of the CuFeO2 pellets before water exposure, 5.2 eV, cor-
responds to what was found earlier and after water exposure a 
work function shift toward 4.3–4.4 eV can be noticed. This work 
function shift could be related to the adsorption of water onto 
the porous CuFeO2 pellet. The adsorption of water is seem-
ingly confirmed by the valence band region in the UP spectra. 
After water exposure, features at 5.3, 7.4, and 11.2 eV can be 
seen, which are characteristic to the 1b1, 3a1, and 1b2 orbitals, 
respectively, of molecular water, only shifted by about 2 eV.[50] 
The shift could be due to the water being physisorbed to the 
2H CuFeO2 substrate, as a 1 eV shift with respect to molecular 
water was seen earlier for physisorbed water on NiO.[43]
In Figure 4d the resulting band diagram of 2H CuFeO2 
pellet 1 is shown. As can be seen, the EF–EVBM increases up to 
0.8 eV after the water exposure. Therefore, the 0.5 eV EF–EVBM 
observed for the CuFeO2/ITO interface experiment does not 
seem to be a fixed limit. The 4.3 eV work function indicated 
in the figure correspond to that of the CuFeO2 pellet after the 
water exposure and not to water itself.
Both the CuFeO2/ITO interface experiment and the CuFeO2/
H2O water exposure experiment led to an electron injection 
process into CuFeO2, which led to an increase of the Fermi 
level up to a certain point and a reduction of Fe3+ to Fe2+. To 
investigate the origin of the reduction of iron theoretical den-
sity functional theory calculations were made in which an extra 
electron was added to CuFeO2.
2.3. Electron Polaron Calculation in 2H CuFeO2
In transition metal oxides, the conduction band minimum con-
sists of empty d-bands. Electrons can get localized to form elec-
tron polarons by filling up these empty dn states.[51] In CuFeO2, 
there are unoccupied Fe 3d orbitals around the conduction band 
minimum (CBM).[52] Thus, when an extra electron is supplied 
to the CuFeO2 matrix (either by photoexcitation or by injection 
from the surroundings), the excess electron may get trapped 
on an Fe lattice site by filling up the unoccupied Fe 3d orbitals, 
resulting in an electron polaron and the reduction of the for-
merly Fe3+ lattice site to Fe2+. We used two theoretical methods, 
called footprints in the following, to characterize polaron forma-
tion within the 2H CuFeO2 matrix. The footprints are i) localized 
electron density and ii) local lattice distortion. i) Figure 5a shows 
the charge density difference plot of a 2H CuFeO2 cell con-
taining an extra electron and the cell without this extra electron. 
The extra electron is situated in the Fe lattice site as indicated 
by the yellow isosurface. Most of the electron wave function is 
in the Fe site but a small portion is also present in the nearby O 
sites. ii) Additionally, the extra electron is associated with a local 
lattice distortion around the reduced Fe2+ site in the first shell 
as indicated by the purple colored circle in Figure 5b. Fe2+O 
bonds are more elongated (by about 0.06 Å) than the equilib-
rium Fe3+O bonds. The Fe2+O bond elongation is attributed 
to the Coulomb repulsion due to the extra electron on the Fe 
site. On the other hand, for the 1st nearest neighbor Fe atoms 
around the reduced Fe2+ site, the Fe3+O bond length shortens 
(by about 0.04 Å) compared to the equilibrium FeO bond 
length in the 2nd shell as indicated by the black colored circle. 
The other FeO and CuO bond lengths (outside the 2nd shell) 
remain unchanged. These results are most likely transferable to 
3R CuFeO2 since bond lengths between nearest neighbors are 
largely maintained between 3R and 2H Cu-delafossites.[53,54]
2.4. Fermi Level Tunability in CuFeO2
The results of the CuFeO2/ITO interface experiment and 
the CuFeO2 water exposure experiment are summarized in 
Figure 6. Figure 6a shows the range of Fermi level positions 
that were obtained after calcining the 2H CuFeO2 pellets and 
after establishing the interfaces of 2H CuFeO2 with water and 
ITO. According to literature, the VBM of 3R CuFeO2 is situated 
Adv. Funct. Mater. 2020, 30, 1910432
Figure 5. a) Charge density difference plot of a localized electron polaron 
in an Fe site. The charge difference is taken between the cell containing an 
extra electron and the cell without this extra electron. The charge density 
difference plot is drawn using an isosurface value of 0.025 eÅ−3. Blue 
regions indicate decreased charge density, while yellow regions indicate 
increased charge density. b) Geometry of local lattice distortion due to 
electron polaron formation. The FeO bond length elongation and short-
ening around the Fe2+ site is indicated by the purple and black circles, 
respectively. The equilibrium FeO bond length is 2.04 Å.
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between 1.0 –1.4 eV versus RHE and the CBM should be within 
−0.1 to −0.5 eV versus RHE.[4–7] For 2H CuFeO2 a similar valence 
band position can be assumed due to the similarity of the VBM 
of Cu-delafossites in general[55] as well of that of different poly-
types.[56,57] However, a small difference in the bandgap may 
exist between 2H CuFeO2 and 3R CuFeO2, which are reported 
to be about 1.33[23] and 1.45 eV.[10,52] The apparent Fermi level 
tunability range amounts to 0.61 eV, as determined from the 
CuFeO2/ITO interface experiment and the CuFeO2 water expo-
sure experiments. According to these experiments, the EF of 2H 
CuFeO2 could be increased up to 0.8 eV above the VBM and the 
Fe 2p XP core level spectra indicated the reduction of Fe3+ to 
Fe2+ upon contact with ITO and H2O. Moreover, the theoretical 
calculations described above indicated as well that excess elec-
trons occupy Fe lattice sites in CuFeO2.
The experimental Fermi level tunability range (Figure 6b) 
can be compared to a series of standard reduction potentials 
(Figure 6c). The Fe3+/Fe2+ (pH 7) aqueous reduction potential 
at about 1.18 eV versus RHE, cannot explain the induced Fe3+ 
reduction at the CuFeO2/ITO contact, as this reduction potential 
would mean that the iron would already be in the Fe2+ state for 
bare CuFeO2 because of its Fermi level position at about 1.02 eV 
versus RHE. However, the Fe3+ coordination in solution and in 
the 2H CuFeO2 crystal lattice differs from one another, meaning 
that the actual Fe3+/Fe2+ charge transition level in 2H CuFeO2 
probably does not correspond to the Fe3+/Fe2+ aqueous reduc-
tion potential. Lohaus et al. found that electron polaron forma-
tion limits the Fermi level tunability within hematite (Fe2O3).[11] 
Experimentally, the authors demon strated that the Fe3+/Fe2+ 
charge transition level for hematite, which has a similar octahe-
dral iron coordination as 2H CuFeO2, lies at about 0.3 eV versus 
NHE, which on the RHE scale will be 0.7 eV versus RHE (pH 
7). This position would fit to our experiments due to the appear-
ance of Fe2+ in the Fe 2p spectra for Fermi level positions below 
0.7 eV versus RHE. Additionally, the polaron formation at Fe 
sites in hematite is also what we derived from our theoretical cal-
culations. Recently, the Fe3+/Fe2+ charge transition level at about 
0.7 eV versus RHE (pH 7) was also found for BiFeO3 by Bein 
et al.[12] Furthermore, Prévot et al. observed as well Fermi level 
pinning in 3R CuFeO2 at about 0.7 eV versus RHE (pH 7), which 
the authors assumed to be caused by surface states.[5] Possibly, 
the Fermi level pinning phenomenon that the authors observed, 
was not due to surface states but due to the formation and occu-
pation of the bulk Fe3+/Fe2+ polaron level. Proof for this assump-
tion are the similarities in the observed Fermi level pinning posi-
tions in our and Prévot’s experiments, the similar octahedral Fe 
coordination in both polytypes and the limited differences in the 
3R and 2H electronic structure of other Cu delafossites.[57] The 
pinning at the Fe3+/Fe2+ charge transition level, thus, seems to be 
a general phenomenon for Fe oxides. The 0.8 eV EF–EVBM energy 
distance that we could obtain in our experiments corresponds to 
an EF,max position of about 0.4 eV versus RHE, which is still far 
from reaching the water reduction potential at 0 eV versus RHE. 
As such, the bulk Fe3+/Fe2+ polaron level may be the reason for 
the low sacrificial water splitting efficiency of the heterostruc-
tured 2H CuFeO2 powders, because pinning at the Fe3+/Fe2+ 
polaron level may inhibit the generation of enough photovoltage 
to drive the water reduction reaction. Additionally, the pinning at 
the Fe3+/Fe2+ polaron level would be a problem for which no solu-
tion may be engineered because it would be intrinsic to CuFeO2.
Because the PtCl62−/PtCl42− (0.75 eV vs RHE) and Ag+/Ag(0) 
(1.02 eV versus RHE) reduction potentials lie well within the 
range in which the Fermi level can be tuned, PtCl62− and Ag+ 
are allowed to be reduced by CuFeO2, upon light absorption, 
as observed in our photodeposition experiments. Also the 
oxygen reduction reaction, which is often used to assess the 
reducing capacity of CuFeO2 samples,[9,58] is allowed, because 
its standard reduction potential at 1.23 eV versus RHE lies well 
below the EF,max at about 0.4 eV versus RHE.
3. Conclusion
In conclusion, we have shown that Ag and Pt could be selec-
tively deposited onto the {0001} facets of a hexagonal nano-
platelet shaped 2H CuFeO2 powder through photodeposition. 
The photodeposition of NiOx(OH)y did not show any selec-
tivity for a particular facet. Unfortunately, none of the hetero-
structured 2H CuFeO2 powders could produce any significant 
amount of hydrogen through sacrificial water reduction, which 
is an indication of an intrinsic limitation of CuFeO2. This was 
further investigated through interface experiments. Specifically, 
Adv. Funct. Mater. 2020, 30, 1910432
Figure 6. a) Diagram showing the experimental Fermi level ranges after calcinations and after interface formation. b) Diagram showing the Fermi level 
tunability in 2H CuFeO2 based on the CuFeO2/ITO interface experiment and the CuFeO2 water exposure experiment. c) A series of reduction potentials 
calculated at particular pH values on the RHE scale. Bandgap taken from literature.[23] 3R CuFeO2 VBM position also taken from literature.[5,7]
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the CuFeO2/ITO and CuFeO2/H2O interface was studied. For 
both CuFeO2/ITO and CuFeO2/H2O the EF–EVBM could be 
increased up to 0.5 and 0.8 eV, respectively. Additionally, the 
presence of Fe2+ was detected for both interface experiments, 
being more present for the CuFeO2/H2O interface. Therefore, 
an increasing Fermi level position could lead to a higher occu-
pation of the Fe3+/Fe2+ electron polaron level, which may limit 
the amount of photovoltage that can be reached with CuFeO2. 
Indeed, the maximum 0.8 eV EF–EVBM that we could achieve 
correspond to a Fermi level position of 0.4 eV versus RHE 
which is still far from the water reduction potential of 0 eV 
versus RHE. Because the earlier determined Fermi level tun-
ability of hematite (Fe2O3) was also evidently limited by the 
Fe3+/Fe2+ charge transition level at 0.7 eV versus RHE (pH 7), 
one may ask whether the incorporation of iron in compounds 
intended for unbiased water reduction should be avoided.
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